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 1 

Abstract 2 

The asymptote of the hyperbolic power-duration relationship, critical power (CP), 3 

demarcates sustainable from non-sustainable exercise. CP is a salient parameter within 4 

the theoretical framework determining exercise tolerance. However, measuring CP is time 5 

consuming – typically 4 constant-power exercise tests to intolerance, or a 3-min all-out 6 

sprint is required. PURPOSE To determine whether 30 s of maximal isokinetic cycling, 7 

immediately following the limit of tolerance, approximates CP. METHODS Fifteen 8 

participants (7 women, 8 men, 23±5 yr, 71±12 kg, Vࡆ O2peak 4.39±1.04 L.min-1; 61±9 9 

mL.kg.min-1) completed 4 constant supra-CP exercise tests to intolerance. Each test was 10 

followed immediately by a 30 s maximal isokinetic effort at 80 rpm. Mean isokinetic power 11 

was compared to the known CP.  RESULTS Mean±SD CP was 159±47 W (CI95 133, 185 12 

W). Maximal isokinetic power immediately following intolerance was greater (p<0.05) than 13 

CP in all but one comparison (181±51 vs 159±47 W; p>0.07). However, this closest 14 

estimation, following the longest duration constant-power test, resulted in 21 W of mean 15 

bias and wide limits of agreement (±84 W). CONCLUSIONS Isokinetic power measured 16 

immediately following intolerance consistently overestimated critical power. Thus, an 17 

adjunct of 30 s maximal isokinetic cycling immediately following the limit of tolerance does 18 

not approximate critical power. 19 

Abbreviations 20 

CCC, Lin’s concordance correlation coefficient 21 

CI95, 95% confidence interval 22 

CP, critical power 23 
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Piso, isokinetic power 24 

Wƍ, curvature constant for the hyperbolic power-duration relationship 25 

Vࡆ O2max, maximal oxygen uptake 26 

Vࡆ O2peak, peak oxygen uptake  27 
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Introduction 28 

Tolerance to high-intensity exercise is characterised by a hyperbolic power-to-tolerable-29 

duration relationship [16,25]. The relationship is defined by two parameters – the 30 

curvature constant, termed Wƍ, and an asymptote, termed critical power [25]. Critical 31 

power demarcates sustainable from non-sustainable exercise. Both parameters are 32 

essential for a rigorous characterization of exercise tolerance. Combined with ramp-33 

incremental exercise to measure lactate threshold and Vࡆ O2peak, critical power provides 34 

the third metabolic threshold to characterise the exercise intensity domains [30]. As 35 

habitual physical activity and exercise tolerance are such strong predictors of mortality in 36 

health and disease [21,23,24], measuring critical power can provide vital prognostic 37 

information and an outcome variable for rehabilitation [31] – albeit with barriers to 38 

widespread use as measurement of critical power is cumbersome.  39 

 40 

Characterizing the power-duration relationship is time consuming and requires repeated 41 

exercise efforts to the limit of tolerance – typically 4 constant power exercise tests to 42 

intolerance on separate days are required [19]. Thus, alternatives have been introduced 43 

to estimate either critical power, Wƍ, or both in a single laboratory visit. These include the 44 

3 min ‘all-out’ exercise test with or without a prior ramp in the same laboratory visit 45 

[4,9,10,29]. Additionally, a ramp-sprint test was devised that comprises a 3 min ‘all-out’ 46 

exercise bout immediately following the limit of tolerance to ramp exercise [20]. 47 

Interestingly, the profile of supra-critical-power exercise (ramp incremental, variable 48 

power such as the 3 min all-out test, constant power, etc.) appears to be of little 49 

consequence for depletion of Wƍ [4,6,20], providing important flexibility in designing 50 
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testing formats. The ramp-sprint test provides lactate threshold, Vࡆ O2max, and critical power 51 

in one laboratory visit with the premise being prior depletion of Wƍ during the ramp. This 52 

is a small modification on the 3 min all-out test that incorporates simultaneous depletion 53 

of W’ during the 3 min effort. Thus, the highest power that is sustainable following Wƍ 54 

depletion is critical power [7]. However, the sustained exertion during the 3 min sprint-55 

type ‘all-out’ exercise, either on its own, or following maximal ramp-incremental exercise 56 

can be a barrier for some participants or patients. In addition, participants need to be 57 

highly motivated to successfully complete the exercise test such that the measure of 58 

critical power is valid – this includes maintenance of Vࡆ O2 > 95% of Vࡆ O2max as a quality 59 

control criterion [18]. These factors are the greatest barriers to implementing critical power 60 

measurements into the clinical physiology laboratory. Attempts to shorten the duration of 61 

‘all-out’ tests (without prior depletion of Wƍ) have resulted in overestimation of critical 62 

power [3,11]. 63 

 64 

At the limit of tolerance to supra-critical-power exercise, and thus after depletion of Wƍ, 65 

all-out sprint exercise approximates critical power [20]. Importantly, this appears to be the 66 

case with as little as 30-60 s of maximal effort [20].  During the ramp-sprint test, however, 67 

there is an inherent delay for power to resolve at a ‘steady state’ following the initiation of 68 

the all-out sprint. This is due to 1) substantial effort (and time) required to accelerate the 69 

ergometer flywheel in this cadence-dependent test format (~80rpm depending on the 70 

linear factor chosen), and 2) overcoming the symptoms of having just reached the 71 

tolerable limit. In addition, the linear factor must be estimated and can result in the critical 72 

power estimate occurring at a cadence different from the participant’s normal operating 73 
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cadence. This is important, as contraction velocity will directly affect the measurement of 74 

critical power [1]. This, in turn limits Wƍ depletion during the 3-min test when performed in 75 

isolation as the power will be lower throughout. 76 

 77 

By circumventing this adjustment period by using an instantaneous switch to isokinetic 78 

ergometry [5,8,12,14], it may be possible to measure an approximation of critical power 79 

in less than 30 s of ‘all-out’ sprint type exercise. The switch to isokinetic cycling provides 80 

no electromagnetic braking resistance in returning to the appropriate flywheel velocity as 81 

no braking is applied below the target velocity. This approach also eliminates the 82 

requirement to estimate a linear factor. This duration of maximal effort following 83 

intolerance might be brief enough to allow for estimation of this parameter for clinical 84 

application. However, the intramuscular forces differ during cadence-independent and 85 

isokinetic cycling, and therefore the two paradigms may elicit dissimilar metabolic 86 

responses and even different Wƍ and critical power [1,10]. Whether the discordance with 87 

isokinetic measurements extends to relatively short bouts to estimate critical power has 88 

not been tested. Thus, we aimed to determine whether 30 s of maximal isokinetic power 89 

measured immediately following the limit of tolerance approximates critical power. We 90 

hypothesized that the isokinetic power would be in close agreement with critical power 91 

measured from the multi-bout approach. 92 

 93 

Materials and Methods 94 

Participants 95 
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Fifteen participants (7 women, 8 men, 23±5 yr, 71±12 kg) took part in the study. Written 96 

informed consent was obtained and the San Diego State University Institutional Review 97 

Board approved the protocol. The study protocol and manuscript meets the standards 98 

outlined by the Int J Sports Med [15]. 99 

 100 

Ramp-incremental exercise 101 

Volunteers completed a ramp-incremental exercise test (20-25 W.min-1) to the limit of 102 

tolerance. The test was completed using a computer-controlled, electromagnetically-103 

braked ergometer in the hyperbolic mode and thus cadence-independent (Excalibur, 104 

Lode BV, NL). Participants were instructed to maintain a cadence of ~70-90 rpm. The 105 

limit of tolerance was defined as being unable to maintain a pedalling cadence above 55 106 

rpm, despite strong verbal encouragement.  107 

 108 

Constant power and isokinetic efforts 109 

The power-duration relationship for each participant was characterised using 4 constant 110 

power tests to the limit of tolerance. Each test was completed on separate days. As a 111 

starting point, the first constant power test was estimated by subtracting 1 min worth of 112 

ramp increment from the peak power measured during the ramp-incremental test [28]. 113 

This yields an exercise tolerance of ~6 min and provides a basis for subsequent 114 

adjustments in test power.  115 

 116 

Each of the 4 constant power exercise tests were immediately followed by a maximal 117 

isokinetic effort at 80 rpm for 30 s. Mean isokinetic power (Piso) over the final 20, 10, and 118 
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5 s was compared to the critical power asymptote (CP) determined from the multi-bout 119 

approach [19]. That is, for each participant, power and tolerable duration were used to 120 

establish hyperbolic curvature constant and asymptote: 121 

Wƍ = t(P-CP)          Equation 1 122 

where Wƍ is the curvature constant, t is tolerable duration, P is power and CP is the critical 123 

power asymptote. For simplicity, the CP and Wƍ parameters were determined from linear 124 

regression by fitting P as a function of (1/t): 125 

P = W’(1/t) + CP         Equation 2 126 

Thus, each participant completed 4 maximal isokinetic efforts lasting 30 seconds (with 3 127 

different bin averages for isokinetic power analysis for each test – bin averages were 5, 128 

10, 20 s in duration) for 12 potential comparisons to critical power. The first 10 s of each 129 

isokinetic effort were discarded to eliminate a transient excursion of power due to the 130 

flywheel not being constrained at precisely the target velocity. This was also done to avoid 131 

including a power spike resulting from the flywheel rapidly accelerating and delivering its 132 

inertia to the target velocity. 133 

 134 

Ergometry 135 

The computer-controlled electromagnetically-braked cycle ergometer (Excalibur Sport 136 

PFM, Lode BV, Groningen, NL) was instrumented with force transducers in the bottom 137 

bracket spindle. Left and right torque (Nm) was measured independently (peak force 2000 138 

N, < 0.5 N resolution and measurement uncertainty of < 3%). Angular velocity of the crank 139 

(rad.s-1) was measured by three independent sensors sampling in series with a resolution 140 

of 2° (measurement uncertainty of < 1%). During isokinetic efforts, power was calculate d 141 
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as a mean for each crank revolution. Mean Piso was calculated over the final 20, 10, and 142 

5 s of isokinetic effort. 143 

 144 

Cardiopulmonary Measurements 145 

Respired gases and ventilation were measured breath-by-breath with a commercial 146 

metabolic measurement system (VMax Spectra, CareFusion, San Diego, CA USA). The 147 

system was calibrated immediately prior to each experiment. A 3 L syringe (Hans Rudolph 148 

Inc., Shawnee, KS, USA) was used to calibrate the mass flow sensor from ~0.2 to 8.0 149 

L.s-1, mimicking flow rates expected at rest and during exercise. The CO2 and O2 150 

analysers were calibrated using gases of known concentrations (O2 26.0% and 16.0%; 151 

CO2 0.0% and 4.0%).  152 

 153 

Statistical analyses 154 

Means were compared, where appropriate, with t-tests. Statistical significance was 155 

determined at p<0.05. Data are presented as mean±SD, and, where appropriate, the 95% 156 

confidence interval (CI95) is included. CI95 for linear regression estimation (for critical 157 

power and Wƍ) were calculated to provide forecasted values, ǔ, of x: 158 

          Equation 3 159 

where 160 

        Equation 4 161 
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Mean bias and limits of agreement were calculated using the method of Bland & Altman 162 

[2]. Further, agreement was examined using Lin’s concordance correlation coefficient 163 

(CCC). 164 

 165 

Results 166 

Vࡆ O2peak (the highest 20 s mean) was 4.39±1.04 L.min-1 or 61±9 mL.kg.min-1. Vࡆ O2peak at 167 

the limit of tolerance during ramp-incremental exercise and all of the constant power tests 168 

to intolerance were similar (p>0.05), confirming Vࡆ O2max was attained in all tests [26]. 169 

Critical power, measured using 4 constant power tests, was 159±47 W (CI95 133, 185 W). 170 

Wƍ was 15.5±8.5 kJ (CI95 10.7, 20.2 kJ). Actual work done above CP was not different 171 

(p>0.4) from Wƍ for any of the four constant power trials (15.4±8.8, 15.8±8.3, 15.2±9.2, 172 

and 15.0±8.5 kJ, respectively). The confidence limits were determined in relation to the 173 

fit of each participant’s power-duration relationship, and the corresponding CI95 for critical 174 

power were (lower CI: 140±50 W; upper CI: 178±47 W). Thus, the span of the CI95 was 175 

38±26 W.  176 

 177 

A representative power-duration relationship and responses from a single constant power 178 

test are displayed in Fig 1 (filled data at ~150 W, Panels A, B & C). Fig 1 Panel C shows 179 

the constant power test to intolerance with the addition of a 30 s maximal isokinetic effort 180 

(grey dash) immediately following intolerance. Panel D shows the final 20 s of the Piso 181 

bout with the critical power asymptote identified from characterization of the power-182 

duration relationship (Fig 1 A) demarcated by the dashed line. In Panel D, each grey 183 

datum represents 1 crank revolution mean. 184 
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 185 

20 s means of isokinetic data 186 

The final 20 s of the isokinetic effort yielded high mean bias (52±7 W) regardless of 187 

constant power test duration (Fig 2). Limits of agreement were also wide with a mean 188 

span of 220±46 W (Fig 2). The closest estimation of critical power was that of the 189 

isokinetic effort following the lowest power, longest duration test: mean Piso was 203±67 190 

W (p<0.05 vs the multi-bout critical power of 159±47 W); mean bias was 44 W and limits 191 

of agreement were ±106 W (Fig 2, Panel D). Mean work done above CP during the 20 s 192 

isokinetic effort across each of the 4 trials was 1.0±1.1 kJ. For comparison, true W ƍ as 193 

measured with the multi-bout approach was 15.5±8.5 kJ (CI95 10.7, 20.2 kJ).  194 

 195 

10 s means of isokinetic data 196 

The final 10 s of the isokinetic effort yielded high mean bias (41±5 W) no matter the 197 

constant power test duration (Fig 3). Limits of agreement were also wide with a mean 198 

span of 189±37 W (Fig 3). The closest estimation of critical power was that of the 199 

isokinetic effort following the longest duration test, as it was when using the final 20 s 200 

means. Mean Piso during this test was 193±59 W (p<0.05 vs actual critical power of 201 

159±47 W). Mean bias was 33 W and limits of agreement were ±90 W (Fig 3, Panel D). 202 

 203 

5 s means of isokinetic data 204 

The final 5 s of the isokinetic effort showed the lowest mean bias (33±8 W) and was 205 

consistent across test duration (Fig 4). Limits of agreement were still wide with a mean 206 

span of 182±38 W (Fig 4). The closest estimation of critical power was again that of the 207 
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isokinetic effort following the longest duration test. Mean Piso during this test was 181±51 208 

W and not statistically different from actual critical power (p>0.07 vs actual critical power 209 

of 159±47 W). Mean bias was 21 W and limits of agreement were ±84 W (Fig 4, Panel 210 

D). Scatterplots are provided in Fig 5 for all comparisons to critical power and CCC is 211 

included in each plot. 212 

 213 

Discussion 214 

We aimed to test whether a 30 s maximal isokinetic effort immediately following the limit 215 

of tolerance approximates critical power. We hypothesized that this short format test 216 

would provide an alternative to measuring critical power with multiple laboratory visits 217 

[19,25] or longer, more arduous exercise test formats, e.g. [3,4,10,11,20]. Our rationale 218 

was based on Wƍ depletion at intolerance and that the highest power subsequently 219 

sustainable would be critical power [7,20]. To the contrary, we found that 30 s of maximal 220 

isokinetic exercise was not sufficient to measure critical power. Our protocol resulted in 221 

an overestimation of critical power (at least 20 W) and unacceptably wide limits of 222 

agreement when comparing mean isokinetic power and the multi-bout approach (four 223 

independent constant power tests). Further, participants were able to complete more than 224 

1 kJ of additional work above critical power during the isokinetic effort following the limit 225 

of tolerance. As an additional measure of agreement, we have reported Lin’s CCC. The 226 

values are similar to that from the Bland-Altman analysis in that the coefficients range 227 

from weak to modest (0.33 – 0.64; Fig 5).  228 

 229 

Is the criterion an appropriate ‘gold standard’ reference? 230 
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An important component of our comparison was the establishment of a rigorous estimate 231 

of critical power. Similar to our previous reports [20], the CI95 for critical power 232 

measurement (within participant) was narrow. In our current experiment the span of CI95 233 

was 38±26 W. Therefore, we are confident that the much wider limits of agreement in 234 

Figs 2-4 are due to the shortcomings of using isokinetic power, rather than a large 235 

influence from errors in the criterion measure. 236 

 237 

Is the Piso pattern trending toward critical power? 238 

Some participants show a 30 s Piso pattern similar to that presented in Fig 1, Panel D 239 

where it appears as though power is still in the process of resolving toward critical power. 240 

From the final 20, 10, and 5 s time bins this appears to be the case across the participant 241 

group: mean bias falls, and the limits of agreement improve to some extent. However, 242 

any additional duration while producing > critical power would also result in even larger 243 

Wƍ overestimation in reference to the multi-bout measurement, as discussed above. The 244 

natural inclination is to want to extend the test further, although our original intent was 245 

trying to find a solution with a substantially shorter effort to be more appropriate for a 246 

clinical physiology laboratory – defining just how long the test need be is clearly up for 247 

debate. It appears as though this is not possible, at least to any extent shorter than the 248 

30-60 s of effort already presented during the all-out portion of the ramp-sprint test [20]. 249 

As with many measurements, shortcuts are often not possible without compromising 250 

precision and accuracy. Thus, independent visits, 3 min all-out test, or ramp-sprint test 251 

formats appear to be optimized in their current format. As discussed above, and in the 252 

original paper [20], the maximal power possible following the limit of tolerance often 253 
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stabilizes between 30 and 60 s. Thus, the test might be offered in a manner where it can 254 

be terminated early (i.e. at 60 s rather than 3 min) depending on the characteristics of 255 

power output [20]. However, this has yet to be tried systematically and especially needs 256 

feasibility and validation studies in vulnerable populations such as patients with chronic 257 

cardiopulmonary disease. Whether or not symptom limitations will allow such a patient to 258 

fully deplete Wƍ by the limit of tolerance is also a concern. This is particularly true for 259 

patients with obstructive disease. It is more likely in those cases that the limit of tolerance 260 

and CP are constrained by maximal voluntary ventilation [22]. 261 

 262 

Another interesting question is whether or not we expect isokinetic power to resolve at 263 

CP, given enough time. Perceptually, the cycling is far different to a fixed resistance 264 

mode, but it would seem the bioenergetic determinants would still constrain the CP at the 265 

same output. Clearly only one of the two factors is being constrained (angular velocity), 266 

so it would seem that the variations in torque should be sufficient to apply the 267 

measurement. However, without extended durations in the isokinetic mode, we can only 268 

speculate. 269 

 270 

What explains the capacity for supra-critical-power exercise following the limit of 271 

tolerance? 272 

Similar to our experiments and others showing a small, short-term locomotor power 273 

reserve in healthy people (on the scale of 5 s) following the limit of tolerance [5,8,17], 274 

there appears to be some capacity to sustain exercise above critical power after reaching 275 

intolerance. Again, it is important to note the time scale of ≤ 30 s in this case. Still, this is 276 
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surprising considering the prior depletion of Wƍ and the additional work done on the scale 277 

of ~7% of Wƍ. 278 

 279 

Our study design was intended to minimize recovery duration between the limit of 280 

tolerance and Piso measurement. Further, by switching from hyperbolic ergometry to 281 

isokinetic, the flywheel inertia and braking force was minimized as much as possible (as 282 

opposed to accelerating the flywheel under braking using the linear resistance mode 283 

[4,20]). The time delay from intolerance to maximal isokinetic effort is not zero but typically 284 

2-3 s. Therefore, only minimal recovery in muscle metabolites (with time constants on the 285 

scale of 30 s) is possible. However, as the recovery time constant of Wƍ is well above 200 286 

or 300 s [13,27], it seems very unlikely that this is sufficient to explain power generated 287 

substantially above critical power following intolerance. Even with a liberal estimate of a 288 

half time of 200 s, and a 5 s delay, the resulting Wƍ recovery is in the order of 250 J (<2% 289 

recovered). The work done above critical power in the final 20 s was ~4x this amount of 290 

work. Each of our Bland-Altman plots also demonstrate a systematic bias such that the 291 

agreement between the ‘traditional’ and isokinetic measurement is worse in participants 292 

with a high critical power. Conversely, we do not know if patients with low critical power 293 

might show better agreement than that of their young/healthy counterparts. Interestingly, 294 

this bias argues against an issue of extremely high intramuscular pressures negatively 295 

affecting power production – those with high critical power had even greater power 296 

production during the isokinetic trial than volunteers with more modest critical power. 297 

 298 
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We do want to note the substantial difference between supra-critical-power power 299 

generation in our present paper and that of much shorter supra-task power ‘reserve’ on 300 

the scale of a few seconds [17]. The neuromuscular short-term capacity (5 s) that others 301 

and we have reported is unlikely to be defined by the same bioenergetic constraints that 302 

the 30 s effort is subject to. Nonetheless, the mechanisms that allow for supra-critical-303 

power exercise to be sustained during this 30 s isokinetic effort are unknown. 304 

 305 

 306 

Conclusions 307 

Isokinetic power measured immediately following the limit of tolerance consistently 308 

overestimated critical power. The closest estimation resulted in 21 W mean bias with wide 309 

limits of agreement. Thus, brief maximal isokinetic power (30 s) immediately following the 310 

limit of tolerance does not approximate critical power. 311 
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 327 

Figure Legends 328 

Figure 1. Single participant power-duration relationship and representative maximal 329 

isokinetic power (Piso) immediately following the limit of tolerance. Dashed line represents 330 

the critical power asymptote. A: Hyperbolic power-duration relationship. B: Power-331 

1/duration relationship from the same participant where y-intercept is critical power 332 

asymptote. C: Representative constant power test at 150 W (filled symbols from Panel A 333 

and B) to intolerance immediately followed by the isokinetic effort (grey dash). D: Isolation 334 

of the final 20 s of the isokinetic effort (30 s in total duration) immediately following 335 

intolerance. This panel shows the data from the same representative participant in 336 

previous panels. In this case, the power appears to be trending toward critical power.  337 

 338 

Figure 2. Bland-Altman plots for agreement between the final 20 s of maximal isokinetic 339 

power (Piso) following the limit of tolerance and critical power (CP). Solid line represents 340 

mean bias. Dotted lines are upper and lower limits of agreement (mean bias ± 1.96 SD). 341 

A: Piso following highest constant power (242±62 W) test to intolerance - therefore 342 

shortest duration. B: Piso following 220±62 W to intolerance. C: Piso following 194±58 W 343 
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to intolerance. D: Piso following lowest constant power (190±56 W) test to intolerance - 344 

therefore longest duration. 345 

 346 

Figure 3. Bland-Altman plots for agreement between the final 10 s of maximal isokinetic 347 

power (Piso) following the limit of tolerance and critical power (CP). Solid line represents 348 

mean bias. Dotted lines are upper and lower limits of agreement (mean bias ± 1.96 SD). 349 

A: Piso following highest constant power (242±62 W) test to intolerance - therefore 350 

shortest duration. B: Piso following 220±62 W to intolerance. C: Piso following 194±58 W 351 

to intolerance. D: Piso following lowest constant power (190±56 W) test to intolerance - 352 

therefore longest duration. 353 

 354 

Figure 4. Bland-Altman plots for agreement between the final 5 s of maximal isokinetic 355 

power (Piso) following the limit of tolerance and critical power (CP). Solid line represents 356 

mean bias. Dotted lines are upper and lower limits of agreement (mean bias ± 1.96 SD). 357 

A: Piso following highest constant power (242±62 W) test to intolerance - therefore 358 

shortest duration. B: Piso following 220±62 W to intolerance. C: Piso following 194±58 W 359 

to intolerance. D: Piso following lowest constant power (190±56 W) test to intolerance - 360 

therefore longest duration. 361 

 362 

Figure 5. Scatterplots of all critical power comparisons to Piso estimates. Lin’s 363 

concordance correlation coefficient (CCC) is provided in each panel. Top, middle, and 364 

bottom rows are means from 20, 10, and 5 s Piso bins. Line is y=x. 365 

  366 
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